Invasive bacteria use different strategies to gain access into nonphagocytic cells (5) . Salmonella typhimurium has an efficient invasion capacity, and bacterial internalization occurs after a few minutes of incubation with these cells (9) . The morphology of the host cell changes dramatically during this time, and protrusions, or blebs, in the plasma membrane are formed in the area where bacteria interact with the host cell (6, 8, 9, 12) . These protrusions, or membrane ruffles, require an intact actin-filament network to be formed (8) , and they facilitate uptake of any particulate material located in proximity to the invading bacterium, including noninvasive bacteria and inert beads (8) . Analogous membrane protrusions were described by Takeuchi, who used an animal experimental model for S. typhimurium infection (26) , and are also present in infected polarized epithelial cells (6) . Aggregation of cytoskeletal elements such as actin, a-actinin, talin, and tropomyosin (7) , as well as of host cell surface proteins (14) , occurs in these structures, which are always associated with bacterial entry. Therefore, it is generally accepted that the formation of membrane ruffles in S. typhimurium-infected epithelial cells is an event that phenotypically defines the internalization step of this pathogen.
In relation to these studies, Alpuche-Aranda et al. (1) have recently described the formation of membrane ruffles and spacious phagosomes in S. typhimurium-infected macrophages. These spacious phagosomes are analogous to the macropinosomes described for macrophages treated with the macrophage colony-stimulating factor (M-CSF) (24) and are formed as a result of massive uptake of extracellular fluid in the activated cell. In M-CSF-treated macrophages, membrane ruffles are also observed in the area where macropinosomes are subsequently formed (24) . Because of the presence of membrane ruffles during bacterial entry into epithelial cells, we examined whether increased macropinocytic activity could be observed in S. typhimunum-infected nonphagocytic cells. Three different nonphagocytic cell lines, including the human epithelial cell lines HeLa and Caco-2 and the rat smooth muscle cell line A-10 (ATCC CRL 1476) (3), were infected for 30 min at 37°C and in a 5% CO2 atmosphere with the virulent S. typhimurium strain SL1344 (16) . Bacteria, previously grown in Luria-Bertani medium overnight at 37°C under static (nonshaking) conditions, were added at a ratio of 10:1 to eucaryotic cells. An endocytic fluid tracer, fixable fluorescein-labelled dextran (F-DX) (M,, 10,000; 0.5 mg/ml), was added to the tissue culture medium simultaneously with bacteria to detect, by fluorescent microscopy, the endocytic activity in infected cells. Figure 1 shows that in these nonphagocytic cell lines, numerous macropinosomes appeared in the area of bacterial entry and membrane ruffle formation. As described for macrophages (1), we observed that only a few invading bacteria were present inside the macropinosomes at this stage (Fig. 1) . These spacious vacuoles induced by S. typhimuium in nonphagocytic cells persist in the cytoplasms of the infected cells for extended periods, and they are still visible 2 h after infection in many infected cells (30 min of incubation with bacteria and 90 min of incubation with 100 ,ug of gentamicin per ml) (13) .
We next characterized whether S. typhimunum induces massive uptake of extracellular fluid in nonphagocytic cells by a mechanism related to the triggering of membrane ruffling. To date no study has shown a connection between these two processes in S. typhimunum-infected cells. Previous work by Galan et al. (12) showed that S. typhimurium invA mutants, which are defective for invasion of epithelial cells (11) , were unable to trigger membrane ruffling in the host plasma membrane. On the basis of this observation, we infected HeLa human epithelial cells for 60 min with the wild-type S. typhimurium strain SR11 and its isogenic invA mutant strain SB111 (12) . The infection was performed in the presence of the endocytic fluid tracer F-DX (0.5 mg/ml) as described above to examine the appearance of macropinosomes in infected cells. Figure 2A , B, D, and E show that while the wild-type strain induced both membrane ruffling and macropinosome formation the invA mutant was unable to trigger these two events ( Fig. 2D and E). To determine whether the cell-associated invA bacteria were internalized or attached to the host cell membrane, infected cells were fixed for 30 min at room temperature with 2.5% paraformaldehyde and serially incubated in the absence of detergent with a primary rabbit Fig. 2 ). The few internalized invA bacteria induced neither membrane ruffles nor macropinosomes (Fig. 2D through F) , suggesting that the formation of membrane ruffles, an event induced by wild-type S. typhimurium in order to enter epithelial cells, is required to trigger formation of macropinosomes. Moreover, we also examined invasion by S. typhimurium SB111/pRI203, an invA mutant harboring the invasin gene from Yersinia pseudotuberculosis (17, 23) . This mutant is restored in its capacity to invade epithelial cells by using the invasin-mediated internalization route (23) . SB111/pRI203 also did not trigger membrane ruffling or macropinosome formation, although more bacteria were internalized (Fig. 2G through I ), indicating that an increase in S. typhimunium internalization mediated by invasin does not restore the bacterial capacity to induce a massive uptake of extracellular fluid. This result agrees with the absence of both membrane ruffles and formation of spacious phagosomes in Yersinia enterocolitica-infected macrophages (1). In addition, we analyzed whether an increase in the adherence to the host cell could affect the lack of macropinosomes observed in cells infected with the invA mutant strain. Figure 2J through L shows that S. typhimurium SB111/pIL14, which harbors the afimbrial adhesin AFA-I from Escherichia coli (19) and adheres efficiently to the host cell membrane (8, 14) , was also unable to induce macropinosome formation. This result supports the requirement of specific signals related to the S. typhimurium invasion process, and not to the bacterial attachment stage, to trigger both membrane ruffling and macropinosome formation. We also screened other nonviru- (20) and the purine auxtrophic mutant 22-11 (20) . All of these mutants induced membrane ruffling and macropinosome formation in the host cell (13) , indicating that intracellular bacterial proliferation is not needed for these surface events.
These data support the concept that the massive uptake of extracellular fluid observed in S. typhimurium-infected epithelial cells is related to membrane ruffling, structures that are involved in S. typhimurium invasion (8, 9) . In macrophages, S.
typhimurium phoP(Con) (phoP constitutive) mutants induce fewer macropinosomes and membrane ruffles than the wildtype strain (1) . In contrast to the parental strain, phoP(Con) mutants do not survive within macrophages (22) , and therefore it was suggested that the macropinosome may be involved in protecting S. typhimurium from killing inside the macrophage.
The phoP gene regulates the expression of two different sets of genes, prg (phoP-repressed genes) and pag (phoP-activated genes), and a TnphoA insertion in the prgH gene reduces S.
typhimunum invasiveness for epithelial cells (4), while mutants defective in other prg genes have normal levels of invasion of epithelial cells (4) . Considering the phenotype shown in our study by the invasion-defective invA mutant ( Fig. 2D through  F) , the results obtained with the phoP(Con) mutant in macrophages may be due to the effect of this mutation on prgH [which is fully repressed in thephoP(Con) mutant]. It has been shown thatphoP(Con) mutants also lack the capacity to invade epithelial cells (4), which may be the basis of its lack of induction of membrane ruffles and spacious-phagosome formation in macrophages. The analysis of macropinosome formation in macrophages infected with prgH mutants, which do not show decreased survival inside these cells (4), and other invasion-defective mutants, such as the invA mutant used in our study, will determine whether the formation of spacious vacuoles observed in S. typhimuiium-infected macrophages is strictly related to the function of the phoP-phoQ regulon (i.e., to the bacterial survival phenotype) or whether, as shown by our data obtained with nonphagocytic cells, it is linked to the induction of membrane ruffling and bacterial entry. The formation of macropinosomes in M-CSF-activated macrophages requires microtubule integrity (24) . To determine if microtubules are involved in the formation of macropinosomes in S. typhimurium-infected epithelial cells, we preincubated HeLa epithelial cells with the microtubule-depolymerizing drug nocodazole (10 ,ug/ml) for 120 min at 37°C prior to the addition of bacteria (wild-type strain SL1344) and fluid endocytic tracer (F-DX, 0.5 mg/ml). Figure 3 shows that invading bacteria are capable of inducing the formation of macropinosomes in nocodazole-treated cells. Control experiments, in which cells were labelled with antitubulin antibody, showed that the microtubule network is totally disrupted under these conditions and bacterial entry is unaffected (13) . Therefore, although morphologically similar, the macropinosomes induced during S. typhimurium invasion of epithelial cells may be formed by a mechanism different from that induced in M-CSFtreated macrophages. Another functional difference between these two types of macropinosomes is that bacterially induced macropinosomes persist in infected epithelial cells or macrophages for several hours after bacterial entry (1, 13) , while the M-CSF-induced macropinosomes shrink rapidly once M-CSF is removed from the medium (24 relatively optimal microenvironment for intracellular survival, as has been previously postulated for infected macrophages (1) (10, 21) . The macropinosomes that are induced can also be interpreted as transient organelles that compete for the lysosomal machinery of the host cell, delaying or modifying the exposure of intracellular S. typhimunium to the hostile microenvironment of lysosomes. Such a delay would be consistent with the attenuation of the pH of the bacterium-containing phagosomes described for S. typhimunum-infected macrophages (2) . How (18, 27) . Further support for the putative differential trafficking of the macropinosomes and S. typhimurium-containing vacuoles in epithelial cells comes from another source (25) , which showed that maturation of M-CSFinduced macropinosomes in macrophages involves the acquisition of a cation-independent mannose 6-phosphate receptor, which is not present in S. typhimurium-containing vacuoles (13 
